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Science. We apply appropriate DFT method to generate precise values of low-index surface 
energies of NiAl. The most fundamental quantities characterizing surface thermodynamics are 
invaluable for understanding of a large number of surface phenomena related to NiAl because 
NiAl surfaces have frequently served as a platform for studying a broad range of physical and 
chemical phenomena including chemisorption, catalysis, oxidation, alloy growth, and surface 
nanostructure formation. However, we noted that, in all previous analyses for NiAl(100) and 
NiAl(111),  Ni- and Al-terminations are not distinguished, and half of the cleavage energy is 
always identified as the “surface energy”. No values are available for individual surface energies 
of Ni- or Al-terminated NiAl(100) or NiAl(111) surfaces. In this work, we perform detailed 
analyses for surface energies and cleavage energies of NiAl(110), NiAl(100) and NiAl(111) by 
considering the chemical-potential-based formulations to clarify the ambiguity in their surface 
energies and cleavage energies. We obtain a surface energy phase diagram for these three low-
index surfaces versus the relevant chemical potential, as well as the chemical-potential-
dependent Wulff plots for NiAl crystal equilibrium shapes. We also provide the surface-
relaxation information from our DFT calculations for comparison with previous experimental 
data. We believe that the content of this contribution is well-suited for publication in Surface 
Science.
Yours Sincerely,
Authors
• DFT generates precise surface and cleavage energies for low-index NiAl surface systems
• Ambiguity in surface energy and cleavage energy for NiAl(100) and NiAl(111) is clarified.
• Surface energy phase diagram for NiAl(100), NiAl(111), and NiAl(110) is obtained
• Surface relaxation information of low-index NiAl surfaces are provided in details.
• DFT energies facilitate Wulff plots for chemical-potential-dependent 3D NiAl crystal 
equilibrium shapes
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ABSTRACT
NiAl surfaces frequently serve as a platform for studying a broad range of physical and 
chemical phenomena including chemisorption, catalysis, oxidation, alloy growth, and 
surface nanostructure formation. Knowledge of precise values for low-index surface 
energies of NiAl, the most fundamental quantities characterizing surface thermodynamics, 
is often invaluable for understanding of these phenomena. In all previous analyses for 
NiAl(100) and NiAl(111),  Ni- and Al-terminations are not distinguished, and half of the 
cleavage energy (or equivalently, the average of the surface energies of two differently 
terminated surfaces) is always identified as the “surface energy”. No values are available 
for individual surface energies of Ni- or Al-terminated NiAl(100) or NiAl(111) surfaces, 
whereas knowledge of only cleavage energy is often insufficient for analyzing surface-
associated behavior. In this work, we perform extensive first-principles density-functional-
theory (DFT) calculations for surface energies and cleavage energies of NiAl(110), 
NiAl(100) and NiAl(111) by considering the chemical-potential-based formulations to 
clarify the ambiguity in their surface energies and cleavage energies. We obtain a surface 
energy phase diagram for these three low-index surfaces versus the relevant chemical 
potential, as well as the chemical-potential-dependent Wulff plots for NiAl crystal 
equilibrium shapes. We also provide the surface-relaxation information from our DFT 
calculations for comparison with previous experimental data.
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1. Introduction
        The binary intermetallic alloy NiAl possesses a CsCl-type (B2) crystalline structure 
(space group Pm m), consisting of two interwoven cubic primitive cells, where one of Ni or 3
Al occupies the corners of a cube and the other one occupies the center of the cube (see Fig. 
1) with an experimental lattice constant of 0.28870 nm at room temperature [1]. NiAl 
exhibits a high melting point (1911 K), high mechanical strength, low specific gravity, good 
thermal and electrical conductivities, good thermal stability, and excellent oxidation or 
corrosion resistance [2-4]. Therefore, NiAl or NiAl-based materials have been applied to 
multiple technologies or considered for potential applications, e.g., coatings [5-11], high-
pressure turbine blade materials [2], electrode materials for electronic devices [12,13], etc.
Fig. 1. The B2 crystal structure (CsCl-type) of NiAl with a cubic lattice constant . Three 𝑎
low-index crystalline directions [100], [110], and [111] are indicated by arrows.
        Apart from the above industrial applications, low-index surfaces of NiAl crystals have 
frequently been used as a convenient platform for more fundamental studies on a broad 
range of physical and chemical surface phenomena. Early studies on NiAl surfaces first 
focused on the surface structure determination[14-29] and then on surface states [21,30-
34] for three low-index surfaces: (110) [14-17,19,20,30-34], (100) [16,22,24,25], and (111) 
[16,23,26-29,34]. Subsequent studies considered chemisorption and catalysis or oxidation, 
as well as metal adsorption and nanostructure formation, which we now briefly review. 
Other studies for NiAl surfaces (e.g., molecular-dynamics simulations, surface doping 
effects, surface defects, etc.) are not listed.
        Multiple studies have considered chemisorption of nonmetallic species. These include 
experiments or DFT analysis of: H on NiAl(110) in some cases motivated by catalysis 
applications [35-37]; S on NiAl(110) [38]; S, O, H, and H2O on reconstructed NiAl(110) 
[39,40]; CO, OH, H, and C on NiAl(110) [41]; CO and D2O on NiAl(110) [42]; 
perylenetetracarboxylic diimide molecules on NiAl(110) [43]; etc. Ho and coworkers have 
utilized low-temperature scanning tunneling microscope (STM) to assemble inorganic 
complexes on a NiAl(110) surface, and then studied single-molecule vibrational and 
electronic properties [44-48]. Studies of CO and OH adsorption on Ni3Al(111) and 
NiAl(110) were motivated by consideration of metal dusting corrosion during catalytic 
steam reforming [41]. 
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        Next, we mention studies involving adsorption of metals and related nanostructure 
formation on NiAl surfaces. These include studies of: Pt and Hf on NiAl(110) [38]; Pd 
clusters on NiAl(110) [49]; Pd, Pt, Cu, Ag and Au monomers on NiAl(110) [50]. Using low-
temperature STM, Ho and co-workers manipulated single metallic atoms deposited on a 
NiAl(110) surface to build monatomic metallic chains, for which the one-dimensional 
electronic properties are probed [51-56]. The electronic structure of finite metal chains on 
NiAl(110) has also been assessed by first-principles density-functional-theory (DFT) 
calculations [57-63].  Thiel and co-workers used STM to observe the formation and growth 
behavior of metal nanostructures resulting from deposition of Ag, Au, Ni or Al atoms, and 
co-deposition of Ni and Al, on NiAl(110) surfaces [64-69]. DFT calculations and atomistic 
kinetic Monte Carlo simulations have also been used to describe the thermodynamic and 
kinetic features of such Ag, Au, Ni, and Al nanofilms or nanoislands grown on NiAl(110) 
surfaces [64-70]. Strong quantum size effects (QSEs) were noted in the growth of lattice-
matched bilayer Ag(110) islands on NiAl(110) [64]. This lattice match extends to Ag(100) 
films on NiAl(100) [67,71], and such supported thin films provide a natural platform to 
explore QSEs in subsequent deposition and nanocluster formation processes, e.g., for Au 
[72].
        There are also substantial studies related to surface oxidation of (or oxide-layer 
formation on) NiAl(110) [73-80], NiAl(100) [81-85], and NiAl(111) [86] surface. Thin oxide 
layers on NiAl constitute an important class of model catalyst systems [87]. Simultaneously, 
there appear a large number of studies on various physical and chemical properties of 
specific atoms, molecules, or nanoclusters adsorbed on (or doped into) a thin alumina 
(Al2O3) layer supported on NiAl surface. These studies include: Au monomers and chains 
adsorbed on thin films on NiAl(110) [88,89], hydroxylation of ultrathin alumina film on 
NiAl(110) Films [90], Hf-, Zr-, Dy-, Y-, and La-doped Al2O3/NiAl interfaces [91], 
molybdenum oxide on Al2O3/NiAl(110) [92], Co and cobalt carbide on Al2O3/NiAl(110) as 
model catalysts [93], Co-Re bimetallic nanoparticles on Al2O3/NiAl(110) [94],  patterning 
Co nanoclusters on Al2O3/NiAl(100) [95],  decomposition of methanol on Pt nanoclusters 
on Al2O3/NiAl(100) [96,97], interaction of CO molecules and decomposition of methanol-
d4 on Au-Rh bimetallic nanoclusters on Al2O3/NiAl(100) [98-101], growth of C60 thin films 
on Al2O3/NiAl(100) [102], adsorption of an Au atom and dimer on Al2O3/NiAl(100) [103], 
etc.
        Surface energies are the most fundamental thermodynamic quantities associated with 
surface-related phenomena. Although there have been a wide variety of applications or 
studies associated with NiAl surfaces as listed above, a comprehensive comparison for the 
surface energies of three low-index surfaces of NiAl from DFT calculations is still lacking. 
The reason is largely because of the deviation of surface from bulk stoichiometry of Ni- or 
Al-terminated (100) or (111) surfaces. Cleaving a NiAl(110) slab produces two surfaces 
with the same 1:1 Ni:Al stoichiometry. The associated surface energy  can be obtained by 𝛾
simply using
𝛾 =
𝐸 ‒ 𝑁NiAl𝜎NiAl
2𝐴 ,                                                               (1)
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where  is the total energy of the slab,  is the number of NiAl pairs in the slab,  is the 𝐸 𝑁NiAl 𝐴
area of one of two faces of the slab, and  is the energy per NiAl pair in NiAl bulk crystal. 𝜎NiAl
Cleaving a NiAl(100) or NiAl(111) slab produces two distinct Ni- or Al-terminated surfaces, 
and Eq. (1) cannot be used to generate two distinct .𝛾
        We note that the “surface energy” of NiAl(100) or NiAl(111) surfaces were previously 
always calculated as the half of cleavage energy [71,104-109]. The cleavage energy is the 
required per-unit-area energy to create two free surfaces by cleaving a crystal. To calculate 
the cleavage energy of a crystalline plane, one can first build a periodic crystal slab s with 
two surfaces parallel to this plane, and then cut the slab s along this plane into two separate 
slabs s1 and s2. If , , and  denote the energies of slabs s1, s2, and s, respectively, 𝐸s1 𝐸s2 𝐸s
then the cleavage energy can be calculated as [110]
𝛽 =
𝐸s1 + 𝐸s2 ‒ 𝐸s
𝐴 .                                                               (2)
It can be easily proven that, if these slabs are sufficiently thick, the  value from Eq. (2) is 𝛽
equal to the sum of the suitably-defined (see Section 2) surface energies  and  of two 𝛾1 𝛾2
free surfaces created after the cleavage, i.e., 
𝛽 = 𝛾1 + 𝛾2 = 2𝛾,                                                                (3)
where  is the average of the surface energies of two free surfaces [71]. 𝛾 ≡ (𝛾1 + 𝛾2)/2
Determination of the individual  and  will be described in detail Section 3.𝛾1 𝛾2
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Fig. 2. (a) NiAl(110) surfaces of a 6-ML slab. (b) Al-terminated surfaces of a 9-ML NiAl(100) 
slab. (c) Ni-terminated surfaces of a 9-ML NiAl(100) slab. (d) Al-terminated surfaces of a 
15-ML NiAl(111) slab. (e) Al-terminated surfaces of a 15-ML NiAl(111) slab. Upper panel: 
top view; lower panel: side view. Dashed frames denote the lateral unit cells used in our 
DFT calculations. All slabs are unrelaxed with NiAl bulk lattice.
        Here we emphasize again that, for a NiAl(110) slab [see Fig. 2(a) for an example], the 
half of cleavage energy is equal to the surface energy of the slab because all surfaces of such 
slab are identical, i.e., , which can be calculated from either Eq. (1) or Eq. 𝛽/2 = 𝛾 = 𝛾1 = 𝛾2
(2); however, the cleavage along the (100) or (111) plane of a NiAl crystal cannot create 
two identically symmetric surface terminations, and then the half of cleavage energy 
obtained from Eq. (1) or Eq. (2) is generally not equal to the surface energy of Al- or Ni-
terminated surface, i.e., generally . Thus, the surface energy of Ni- or Al-𝛽/2 = 𝛾 ≠ 𝛾1 ≠ 𝛾2
terminated (100) or (111) surface [illustrated in Figs. 2(b)–2(e)] must be reformulated 
against Eq. (1), as will described in Section 3.
        This paper is organized as follows. Section 2 describes and validates the DFT method 
used in this work. Section 3 briefly describes the general thermodynamic formalism for 
obtaining the surface energies based on analysis of the energetics for a slab which is 
“symmetric” in the sense that it is terminated by two identical surfaces, which could be 
both Al-terminated or both Ni-terminated for NiAl(100) or NiAl(111). In Section 4, we 
present and discuss our DFT results for surface energies and cleavage energies for three 
low-index planes NiAl(110), NiAl(100), and NiAl(111), respectively. The associated surface 
relaxation is also quantified, noting that extensive experimental data is available in the 
literature for comparison with our DFT results. In Section 5, Wulff plots for equilibrium 
NiAl crystal shapes are provided for several typical sets of chemical-potential parameters. 
In Section 6, we present our conclusions.
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2. DFT method and benchmarking
        We use the Vienna Ab Initio Simulation Package (VASP) code [111] to perform our 
first-principles DFT total-energy calculations in this work. For the electron-core 
interactions, the projector-augmented-wave (PAW) method [112] is used. For the 
exchange-correlation functional, we use the Perdew-Burke-Ernzerhof (PBE) generalized-
gradient approximation (GGA) [113]. From our energy-convergence tests, the energy cutoff 
of the plane-wave basis is set to be 450 eV for all DFT calculations, and the magnitude of 
the force acting on each atom to be allowed to relax is less than 0.1 eV/nm. The selected -Γ
centered k mesh, which depends on the system to be analyzed, is carefully tested, and is 
listed below.
        For CsCl-type NiAl, fcc Ni, and fcc Al bulk calculations, we always use the corresponding 
 primitive unit cells with a k mesh of . Table 1 lists our DFT results 1 × 1 × 1 21 × 21 × 21
for lattice constants, bulk moduli, and cohesive energies of these bulk systems. The 
cohesive energy for a bulk metal system M, denoting NiAl, Ni, or Al, is calculated as 𝐸coh =
, where  is the total energy of the unit cell including  atoms, and  is the ∑𝑛𝑖 = 1𝐸𝑖 ‒ 𝜎M 𝜎M 𝑛 𝐸𝑖
self-energy of the th atom in the gas phase. The very good agreement of the bulk 𝑖
properties with experimental values in Table 1 validates the above-described DFT method. 
In calculations for NiAl surface systems, we use the lateral supercells , , and 1 × 2 1 × 1 2
 (in units of ) for (110), (100), and (111) slabs (see Fig. 2) with the k meshes of × 2 𝑎
, , and , respectively. Along the direction perpendicular 21 × 15 × 1  21 × 21 × 1  15 × 15 × 1
to the slab surface, the vacuum thickness between two adjacent periodic slab replicas is not 
less than 1.5 nm. Extraction of surface energies from slab calculations utilizes our previous 
“adjusting + observing” method [71, 114].
Table 1
Lattice constants , bulk moduli , and cohesive energies  of NiAl, Ni, and Al from our 𝑎 𝐵 𝐸coh
DFT calculations are compared with experimental values.
System Structure Method  (nm)𝑎  (GPa)𝐵  (eV)𝐸coh
NiAl CsCl-type PBE GGA 0.2894 158.65 9.654
Experiments 0.28870a 158b 9.00c
Ni fcc PBE GGA 0.3519 194.47 4.780
Experiments 0.35239d 185.4e, 217.5e 4.45c
Al fcc PBE GGA 0.4043 78.05 3.550
Experiments 0.40317f 76.2g 3.36c
aAt room temperature [1].
bObtained by using  from the data for  and  at  [115].𝐵 = (𝐶11 + 2𝐶12)/3 𝐶11 𝐶12 25℃
cRef. [109] and references therein.
dAt  [116].25℃
eFor Ni particles with a mean size of 20 nm from quasihydrostatic and nonhydrostatic 
compressions at 295 K, respectively [117].
fExtrapolated to 0 K [118].
gAt 273 K [119].
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3. Thermodynamic formulism
        For either a stoichiometric system or a nonstoichiometric NiAl surface system modeled 
by a “symmetric” periodic slab terminated by two identical surfaces, the surface energy can 
be obtained as
𝛾 =
𝐸 ‒ 𝑁Ni𝜇Ni ‒ 𝑁Al𝜇Al
2𝐴 ,                                                               (4)
where  is the total energy of the slab,  ( ) is the number of Ni (Al) atoms in the slab, 𝐸 𝑁Ni 𝑁Al
 is the area of each face of the slab, and  ( ) is the appropriate chemical potential for 𝐴 𝜇Ni 𝜇Al
the element Ni (Al). In general,  is a function of temperature , pressure 𝐸 = 𝐸(𝑇, 𝑃, 𝑁Ni,𝑁Al) 𝑇
, , and . The thermodynamic formalism similar to Eq. (4) has been widely used for 𝑃 𝑁Ni 𝑁Al
various symmetric surface systems (for a detailed description, see, e.g., Ref. [120] and 
references therein).
        If the surface is assumed to be in thermodynamic equilibrium with the surrounding 
bulk NiAl, then the sum of two chemical potentials satisfies the chemical equilibrium 
condition
𝜇Ni + 𝜇Al = 𝜇NiAl,bulk,                                                               (5)
where  is the chemical potential for bulk NiAl crystal. This requirement derives 𝜇NiAl,bulk
from the feature that the bulk can exchange Ni or Al atoms with the surface by, e.g., 
diffusion. From Eq. (5), only one in two chemical potentials  and  is independent. The 𝜇Ni 𝜇Al
value of  generally depends on the experimental condition, but is usually 𝜇NiAl,bulk
approximated as the energy per NiAl pair of the bulk NiAl crystal at  K and  𝑇 = 0 𝑃 = 0
[121], , which is directly obtained from DFT calculations.𝜎NiAl
        Here we need to emphasize that, to use Eq. (4), the slab must be symmetrically 
constructed in the sense described above [122]. For NiAl(110), the slab is always 
symmetric and stoichiometric with a thickness  in units of single-atom layers or 𝐿
monolayers (ML) which can be either odd or even [see Fig. 2(a)], and always satisfies 𝑁Ni
. For NiAl(110), it follows that after utilizing Eq. (5), one can reduce Eq. (4) to = 𝑁Al = 𝑁NiAl
Eq. (1). To be symmetric, the slab thickness  for NiAl(100) or NiAl(111) must be odd, as 𝐿
illustrated in Figs. 2(b)–2(e), where the slabs are nonstoichiometric (so that  cannot 𝑁NiAl
be defined) and the surfaces energies are obtained from Eq. (4) instead of Eq. (1).
        We also emphasize that, to calculate the cleavage energy using Eq. (2), the constructed 
slab s can be either symmetric or asymmetric, i.e.,  can be either odd or even. For 𝐿
NiAl(100) or NiAl(111), it is most convenient to choose , where , so that 𝐿 = 4𝑛 𝑛 = 1, 2, 3, …
the thicknesses of s1 and s2 can be chosen to be , i.e., two slabs s1 and s2 are identical. 2𝑛
Then, the energy of only one in s1 and s2 is needed. An alternative to calculate the cleavage 
energy for NiAl(100) or NiAl(111) is
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𝛽 =
𝐸 ‒ 𝑁NiAl𝜎NiAl
𝐴 ,                                                               (6)
where one should choose  so that one surface of slab s is Al-terminated and the other 𝐿 = 2𝑛
one is Ni-terminated, as illustrated in Fig. 3. In this case, it is obvious that the quantity in 
Eq. (6) [cf. Eq. (1)] is the sum of the surface energies of Al- and Ni-terminated surfaces. This 
observation confirms Eq. (3). In summary, the advantage of using Eq. (6) to obtain  is that 𝛽
there is no need to cleave the slab s, but  must be calculated; the advantage of using Eq. 𝜎NiAl
(2) is that there no need to calculate , but cleaving the slab s into s1 and s2, and then 𝜎NiAl
calculation of the energies of s1 and s2 is needed.
Fig. 3. Side views of (a) an 8-ML NiAl(100) slab and (b) an 8-ML NiAl(111) slab. In this case, 
two surfaces of the slab are Ni- and Al-terminated, respectively, as indicated by red text. All 
slabs are unrelaxed with NiAl bulk lattice.
        The deviation in chemical potentials of Ni and Al at the NiAl surface from their values 
 for bulk metal Ni and  for bulk metal Al are𝜇Ni,bulk 𝜇Al,bulk
∆𝜇Ni = 𝜇Ni ‒ 𝜇Ni,bulk and ∆𝜇Al = 𝜇Al ‒ 𝜇Al,bulk.                                 (7)
In this work, we approximate  and  as the energies per atom,  and , for 𝜇Ni,bulk 𝜇Al,bulk 𝜎Ni 𝜎Al
the bulk metal Ni and bulk metal Al, respectively, where  and  are directly obtained 𝜎Ni 𝜎Al
from DFT calculations at  K and . From Eqs. (5) and (7), one has𝑇 = 0 𝑃 = 0
∆𝜇Ni +  ∆𝜇Al = ∆𝜇f,NiAl,                                                            (8)
where  is the change of Gibbs free energy per NiAl pair ∆𝜇f,NiAl = 𝜇NiAl,bulk ‒ 𝜇Ni,bulk ‒ 𝜇Al,bulk
for the formation of bulk NiAl from bulk metal Ni and bulk metal Al, and is usually called 
the formation energy of NiAl. Here, we take  eV, ∆𝜇f,NiAl ≈ 𝜎NiAl ‒ 𝜎Ni ‒ 𝜎Al ≡‒ 𝜀 =‒ 1.324
which is obtained from our DFT calculations at  K and . This value of  eV 𝑇 = 0 𝑃 = 0 ‒ 1.324
is in good agreement with the formation enthalpy  eV at 298 K from ∆𝐻f,NiAl = 1.29 ± 0.04
experiments [123].
        If we choose  (rather than ) as the independent variable, then Eq. (4) can be ∆𝜇Ni ∆𝜇Al
expressed as
9
𝛾
=
𝐸 + (𝑁Al ‒ 𝑁Ni)(∆𝜇Ni + 𝜇Ni,bulk) ‒ 𝑁Al𝜇NiAl,bulk
2𝐴 ≈
𝐸 + (𝑁Al ‒ 𝑁Ni)(∆𝜇Ni + 𝜎Ni) ‒ 𝑁Al𝜎NiAl
2𝐴
,                                                               (9)
From Eq. (9), we can estimate the surface energy  as a function of  for a given NiAl 𝛾 ∆𝜇Ni
surface system. In experiments,  is determined by the specific experimental ∆𝜇Ni
environment (including  and ) [121]. In this work, we consider the surface energies only 𝑇 𝑃
within the bounds of the chemical potentials satisfying
‒ 𝜀 ≤ ∆𝜇Ni ≤ 0 and ‒ 𝜀 ≤ ∆𝜇Al ≤ 0,                                           (10)
In Eq. (10), the upper bounds of  and  guarantee that system does not decompose ∆𝜇Ni ∆𝜇Al
into bulk metal Ni and bulk metal Al, while the lower bounds of these inequalities are 
determined by Eq. (8) and the upper bounds. The upper (lower) bound of  (M = Ni or ∆𝜇M
Al) is often called the “M-rich” (“M-poor”) environment because a higher (lower) chemical 
potential corresponds to a higher (lower) concentration of the component M [120].
4. Results and discussion
4.1. NiAl(110)
        The surface energy of NiAl(110) surface has been calculated many times by different 
groups using both empirical and DFT methods [38,71,76,104-109], as listed in Table 2. For 
a self-consistent comparison with (100) and (111) surfaces, we recalculate the (110) 
surface energy in this work.
        As described in Section 1, a NiAl(110) slab is always symmetric and therefore its 
surface energy  can be directly obtained from Eq. (1). Fig. 4(a) shows that rapid 𝛾
convergence of  with increasing slab thickness . However, when we enlarge the vertical 𝛾 𝐿
scale [Fig. 4(a’)], a quasiperiodic oscillatory pattern is found. This behavior is likely 
attributed to the QSEs, where electronic properties of a metal slab can oscillate as a 
function of the slab thickness [124]. Analysis based on a noninteracting electron-gas model 
(EGM) [125] shows that if the interlayer spacing d of a metal film and the half Fermi 
wavelength  have the relationship𝜆F/2
𝑗𝑑 ≈ 𝑚
𝜆F
2 ,                                                                           (11)
where both j > 1 and m are the smallest possible positive integers with no common factor, 
then surface energy versus film thickness will display damped oscillations with an 
approximate period of jd. Despite the fact that NiAl is an alloy (not a metal), we still 
examine Eq. (11) for NiAl. Only considering 9 valence electrons in outermost shells (3d8 for 
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Ni atom and 3p1 for Al atom) and using the lattice constants in Table 1, one can obtain 𝜆F =
 nm for PBE and 0.2819 nm for experiment. For NiAl(110) slab, 0.2826 𝑑 = 𝑑(110) = 𝑎/ 2
 nm for PBE and 0.2041 nm for experiment. Then, the oscillation period is about = 0.2046
2, 7, or 9 ML (j = 2 and m = 3, j = 7 and m = 10, or j = 9 and m = 13). From Fig. 4(a’), the PBE 
result for NiAl(110) nanofilms are overall consistent with the prediction from the EGM 
analysis.
        We take the average from  to 24 and obtain a value of  J/m2, 𝐿 = 20 𝛾NiAl(110) = 1.577
which is consistent with previously obtained values 1.571 [71] and 1.565–1.570 J/m2 [38] 
using PBE GGA, and is also close to the experimental surface-tension values 1.60 and 1.44 
J/m2 at  and  for quasi-liquid NiAl near the melting point [126]. This value of 1400℃ 1650℃
1.577 J/m2 is lower than a previously obtained LDA value of 1.79 J/m2 [76]. The results 
from GGA are usually expected to be more reliable for surface energies, where the bond 
breaking is always involved, and it is well-known that the energy in LDA is generally 
overestimated in this situation. The results from other methods differ more or less from the 
PBE GGA value (see Table 2). The cleavage energy  of NiAl(110) is simply the twice of the 𝛽
surface energy , as clarified in Sections 1 and 3. For easy access, in Table 2 we also list the 𝛾
 values of NiAl(110).𝛽
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Fig. 4. Surface energies of (a) NiAl(110), (b) NiAl(100), and (c) NiAl(111) slabs versus slab 
thickness  from our DFT calculations. (100)Ni (Al) denotes Ni (Al) termination of (100) 𝐿
surface, and (111)Ni (Al) denotes Ni (Al) termination of (111) surface. Ni-rich and Ni-poor 
correspond to  and , respectively. (a), (b), and (c) have the same scale for ∆𝜇Ni = 0 ‒ 𝜀
surface energies. (a’), (b’), and (c’) are the enlargements of (a), (b), and (c), respectively, to 
reveal the QSEs.
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Table 2
Surface energies  and cleavage energies  (in J/m2) of NiAl(110), NiAl(100), and 𝛾 𝛽
NiAl(111), extracted from our DFT calculations and compared with previous results from 
other theoretical methods and experimenta. (100)Ni (Al) denotes Ni (Al) termination of 
NiAl(100) surface, and (111)Ni (Al) denotes Ni (Al) termination of NiAl(111) surface. Note 
that  for NiAl(110), while  equals the sum of two surface energies of Ni- and Al-𝛽 = 2𝛾 𝛽
terminated surfaces for NiAl(100) or NiAl(111).
Surface energy Method (110) (100)Ni (100)Al (111)Ni (111)Al
PBE GGA 1.577
PBE GGA 1.571 [71]
PBE GGA 1.565–1.570 [38]
EAM 1.25 [109]
LG 1.37 [109]
LDA 1.79 [76]
MEDF 1.645 [108]
FLMTO 2.08 [107]
MEDF 2.222[106]
FLAPW 2.1 [105]
EAM 1.6 [104]
Δ𝜇Ni = 0 PBE GGA 1.974 2.628 1.793 2.180
Δ𝜇Ni = ‒ 𝜀 PBE GGA 3.239 1.364 2.522 1.452
Δ𝜇Ni = ‒ 𝜀/2 PBE GGA 2.606 1.996 2.157 1.816
Cleavage energy Method (110) (100) (111)
PBE GGA 3.154 4.602 3.973
PBE GGA 3.142 [71] 4.592 [71]
EAM 2.50 [109] 3.34 [109] 3.26 [109]
LG 2.74 [109] 3.52 [109] 3.38 [109]
MEDF 3.290 [108] 3.996 [108] 4.164 [108]
FLMTO 4.15 [107] 5.7 [107]
MEDF 4.444[106] 5.064 [106] 5.174 [106]
FLAPW 4.1 [105] 5.5 [105]
EAM 3.2 [104] 1.90 [104] 4.0 [104]
aExperimental values of the surface tension for quasi-liquid NiAl: 1.60 and 1.44 J/m2 at  and  1400℃ 1650℃
(approximating to the melting point), respectively [126].
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        Let  denote the interlayer spacing between the ith and jth single-atom layers 𝑑𝑖𝑗
counting from slab top surface to slab middle for a relaxed slab, and let  denotes the 𝑑 ∘𝑖𝑗
corresponding interlayer spacing with bulk lattice. Then, the percentage relaxation, , is 𝛿𝑖𝑗
calculated as
𝛿𝑖𝑗 =
𝑑𝑖𝑗 - 𝑑 ∘𝑖𝑗
𝑑 ∘𝑖𝑗
× 100%.                                                         (12)
 indicates contraction of interlayer spacing, and  indicates expansion. Along 𝛿𝑖𝑗 < 0 𝛿𝑖𝑗 > 0
[110], [100], and [111] direction,  is equal to , , and  𝑑 ∘𝑖,𝑖 + 1 𝑑(110) = 𝑎/ 2  𝑑(100) = 𝑎/2 𝑑(111)
, respectively.= 3𝑎/6
        In experiments [14-17,19,22,36], a surface ripple structure for NiAl(110) was 
observed: near the surface and along the [110] direction, there is a relative shift  𝑑𝑖𝑖
between Ni and Al in a Ni-Al layer (denoted as ) while Ni and Al in this layer  is coplanar in 𝑖 𝑖
NiAl bulk crystal without surfaces. Fig. 5 shows the side view for a rippled surface of a 24-
ML NiAl(110) slab after full relaxation from our DFT calculation. Our PBE values of 𝑑11
 nm and  nm obtained by taking the average from  to 24 are in = 0.017 𝑑22 = 0.004 𝐿 = 20
good agreements with experimental values (0.018–0.022 nm and 0.002 nm, respectively), 
as listed in Table 3, where several previous theoretical values available for only  from 𝑑11
DFT and EAM are also provided for a comparison.
        In Table 3, we also list our DFT values of  and  for a comparison with available 𝛿12 𝛿23
data from previous experimental and theoretical work. Note that we consider two values of 
 or : Ni-Ni and Al-Al values, due to the Ni-Al shift in a Ni-Al layer after relaxation. The 𝛿12 𝛿23
Ni-Ni (Al-Al) value of  for   corresponds to the interlayer between ith and jth Ni (Al) 𝛿𝑖𝑗 𝑗 > 𝑖
single-atom layers after relaxation. Our DFT result:  (Ni-Ni),  𝛿12 =‒ 3.51% 𝛿12 =+ 3.02%
(Al-Al),  (Ni-Ni), and  (Al-Al), are in good agreements with 𝛿12 =‒ 1.85% 𝛿12 =+ 0.79%
experimental data [14-17,19,36]:  to ,  to ,  to , and ‒ 9.0 ‒ 2.8% + 3.0 + 5.9% ‒ 1.0 + 3.0%
 to , respectively, as well as previous theoretical work listed in Table 3.‒ 3.0 + 2.0%
        To reveal the variation or convergence of interlayer spacings with increasing film 
thickness , we plot  for  from our DFT calculations for  to 24 in Figs. 6(a) 𝐿 𝛿𝑖𝑗 𝑗 = 𝑖 + 1 𝐿 = 1
and 6(b) for Ni-Ni and Al-Al values, respectively. Each  curve as a function of  𝛿𝑖,𝑖 + 1 𝐿
exhibits oscillations due to the QSEs, so we take the average over  to 24 as our DFT 𝐿 = 20
values of  or  listed in Table 3.𝛿𝑖,𝑖 + 1 𝑑𝑖𝑖
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Fig. 5. Side view for a rippled surface of a 24-ML NiAl(110) slab after full relaxation from 
our DFT calculation.
Table 3
NiAl(110) surface ripples  and  (in nm), as well as relaxation percentages  and  𝑑11 𝑑22 𝛿12 𝛿23
(%) of NiAl(110) interlayer spacings, extracted from our DFT calculations and compared 
with previous results from other theoretical and experimental methods. The PBE bulk 
value of  nm is used to calculate our  values.𝑑(110) = 𝑎/ 2 = 0.2046 𝛿𝑖𝑗
Reference Method 𝑑11Ni-Al
𝑑22
Ni-Al
𝛿12
Ni-Ni
𝛿12
Al-Al
𝛿23
Ni-Ni
𝛿23
Al-Al
Theory:
This work PBE GGA 0.017 0.004 3.51‒ 3.02+ 1.85‒ 0.79+
[38] PBE GGA 0.017 3.0‒ 3.0+ 1.65‒ 1.0+
[32] PW91 GGA 4.75‒ 3.78+ 1.12‒ 0.39+
[35] LDA 7.0‒ 4.5+
[21] LDA 0.020 8.0‒
± 0.5
1.5+
± 0.5
[20] LDA 6.9‒ 6.6+
[18] EAM 0.033 6.61‒ 9.58+
Experiment:
[36] LEED (130 K) 0.019 3.95‒ 5.45+ 0.95+ 0.0+
[36] XRS 0.018 2.8‒ 5.9+
[22] LEIS 0.021
± 0.005
[19] MEIS 7.0‒
± 2.0
5.0+
± 2.0
1.0+
± 2.0
1.0‒
± 2.0
[16,17] LEED 0.020 0.002 4.6‒ 5.2+ 1.0+ 2.0+
[14,15] LEED (300 K) 0.022 6.0‒ 4.6+
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Fig. 6. NiAl slab surface-relaxation percentage  (%) of interlayer spacings  versus slab 𝛿𝑖𝑗 𝑑𝑖𝑗
thickness  from our DFT calculations. (a) (110) Ni-Ni spacings. (b) (110) Al-Al spacings. 𝐿
(c) (100) Ni-Al spacings for Ni termination. (d) (100) Ni-Al spacings for Al termination. (e) 
(111) Ni-Al spacings for Ni termination. (f) (111) Ni-Al spacings for Al termination.
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4.2. NiAl(100)
        From Eq. (9), one can obtain the surface energy as a function of  for NiAl(100) ∆𝜇Ni
surface. As described in Section 3, to use Eq. (9), a symmetric slab with Ni or Al surface 
termination must be constructed and therefore the thickness of the slab must be odd, as 
illustrated in Figs. 2(b) and 2(c). To examine the regularity and convergence of surface 
energies with increasing slab thickness , we calculate the slabs with odd  from 1 to 21. 𝐿 𝐿
We plot the DFT curves of (100) surface energies for Ni- and Al-terminated Ni-rich (or Al-
poor) and Ni-poor (or Al-rich) surfaces in Fig. 4(b), which has the same vertical scale as 
those in Figs. 4(a) and 4(c) for convenience of comparison. To illustrate the convergence, 
we enlarge the vertical scale in Fig. (b) as Fig. 4(b’). We only show the data for the Ni-
terminated surface under Ni-rich conditions, and the Al-terminated surface under Ni-poor 
conditions. The oscillations shown in Fig. 4(b’) might be also related to the QSEs, but the 
analysis from the EGM for this case is not convenient because only odd  is involved in the 𝐿
plot.
Fig. 7. Surface energy phase diagram from our DFT calculations for three low-index NiAl 
surfaces (110), (100), and (111). (100)Ni (Al) denotes Ni (Al) termination of (100) surface, 
and (111)Ni (Al) denotes Ni (Al) termination of (111) surface.
        According to the curves in Fig. 4(b’), we take the average over odd  from 13 to 21 and 𝐿
obtain the DFT values of (100) surface energies for Ni and Al terminations at  (Ni-∆𝜇Ni = 0
rich or Al-poor)  and  (Ni-poor or Al-rich). Then, considering Eq. (9) we make a plot for ‒ 𝜀
the range  in Fig. 7, where dashed and solid red straight lines correspond to ‒ 𝜀 ≤ ∆𝜇Ni ≤ 0
Ni and Al terminations, respectively. From Fig. 7, for (100) surface, on the Ni-rich side, Ni-
terminated surface has lower surface energy, while, on the Ni-poor side, Al-terminated 
surface has lower surface energy. To supplement Fig. 7, we list in Table 2 the surface 
energies at  , , and .∆𝜇Ni = 0 ‒ 𝜀/2 ‒ 𝜀
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       The surface termination with lower surface energy within a range of , which ∆𝜇Ni
corresponds to a specific experimental condition (temperature, pressure, etc.) [121], is 
thermodynamically more stable and therefore more favorable to be observed in such 
conditions. It follows that, from Fig. 7, Al-terminated (100) surface is more stable than Ni-
terminated (100) surface for , and Ni termination is more stable than 𝜀 < ∆𝜇Ni <‒ 0.2586𝜀
Al termination for . In the SPA-LEED and NICISS experiments of Blum ‒ 0.2586𝜀 < ∆𝜇Ni < 0
et al. [25], different temperatures can result in Al or Ni terminations, as can different 
annealing conditions (although the latter implies only partial equilibration limiting 
applicability of our formalism). Thus, this experimental observation is plausibly consistent 
with the above analysis from the surface-energy phase diagram for (100) surface in Fig. 7. 
Here it should be mentioned that a (100)-surface-reconstruction , which c( 2 × 3 2)R45°
is an Al-terminated missing-row surface structure, is also observed by annealing at high 
temperatures about 500 to 1000 K in experiments [16,25,127]. In this regard, a DFT 
calculation was performed to investigate the stability of various point defects in NiAl(100) 
[128]. A surface-energy analysis for such complicated defected surfaces is in principle also 
possible [120], but it is not included in this work.
        As discussed in Sections 1 and 3, the cleavage energy  along NiAl(100) plane can be 𝛽
obtained from either Eq. (2) or Eq. (6) by determining the energetics of appropriately-
constructed slabs even when the surface energies of Ni- and Al-terminated surfaces are 
unknown. However, according to Eq. (3), if the surface energies are already known, the  𝛽
value can be obtained as the sum of the surface energies of Ni- and Al-terminated surfaces. 
Thus, we use Eq. (3) and obtain a  value of 4.602 J/m2 for (100) plane from the data listed 𝛽
in Table 2 for (100) surface energies. Note that the  value is independent of chemical 𝛽
potential parameters and can be obtained from any given , as can be verified from the ∆𝜇Ni
data in Table 2. In addition, we also test Eq. (2) or Eq. (6) using the slabs with the 
thicknesses  from 10 to 20 and obtain the  values between 4.578 and 4.668 J/m2. The 𝐿 𝛽
small variations in these values relative to 4.602 J/m2 are due to the insufficiently large 
slab thicknesses , and the discrepancies in  from Eqs. (2), (3), and (6) gradually tend to 𝐿 𝛽
zero with increasing . In Table 2, we also list the  values from previous theoretical 𝐿 𝛽
calculations [71,104-109] for a comparison. As emphasized in above Sections, half of the  𝛽
value is always considered as the “surface energy” of (100) surface in all these references, 
while only the knowledge of cleavage energy is not enough for the stability analysis of 
different (100) surface terminations.
        For interlayer relaxations of NiAl(100) slabs, we first plot  as a function of  in 𝛿𝑖,𝑖 + 1 𝐿
Figs. 6(c) and 6(d) from our DFT calculations for  to 21, where both odd and even  𝐿 = 1 𝐿
are included. Then, by considering the convergence in Figs. 6(c) and 6(d), we take the 
average over  to 21 as our DFT values of , , and  for both Ni and Al 𝐿 = 17 𝛿12 𝛿23 𝛿24
terminations to be compared with the available experimental data [16,24,25], as listed in 
Table 4. From these previous experiments, several data only for Al termination are 
available. Our DFT results for Al termination:  and , are in good 𝛿12 =‒ 6.77% 𝛿23 =+ 3.86%
agreement with experimental LEED data:  to  [16,25] and  𝛿12 =‒ 13.2 ‒ 6.2% 𝛿23 =+ 4.0%
[16], respectively. Our DFT result including  for Al-terminated slabs is not 𝛿24 =+ 2.35%
consistent with the ALICISS data  to  and  to  from Roos et 𝛿12 =‒ 32 ‒ 18% 𝛿24 =‒ 20 ‒ 10%
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al.’s experiment [24], in which the top monolayer is a mixture of 76% Al and 24% Ni, and 
the top second monolayer is pure Ni, from their LEISS investigation. This mixture of Ni and 
Al in the top monolayer might be related to an instability of a NiAl(100) surface with a pure 
Al or pure Ni termination. As shown in Fig. 7, for a given  in a large range of ∆𝜇Ni
, the (110) surface energy (green line) is lower than (100) surface ‒ 0.8312𝜀 < ∆𝜇Ni < 0
energies (red lines), and therefore a structure with the Ni-Al mixture, which is more or less 
like (110) surface, might be more favorable than pure Ni or Al termination. The presence of 
surface structures with Ni-Al mixtures should also inhibit the possibility of obtaining a 
well-defined values for interlayer-relaxation in experimental measurements [24].
Table 4
Interlayer-relaxation percentages , , and  (%) of NiAl(100) interlayer spacings, 𝛿12 𝛿23 𝛿24
extracted from our DFT calculations and compared with previous experimental results. The 
PBE bulk value of  nm is used to calculate our  values.𝑑(100) = 𝑎/2 = 0.1447 𝛿𝑖𝑗
Reference Method 𝛿12(100)Ni
𝛿12
(100)Al
𝛿23
(100)Ni
𝛿23
(100)Al
𝛿24
(100)Ni
𝛿24
(100)Al
Theory:
This work PBE GGA 10.84‒ 6.77‒ 6.35+ 3.86+ 1.75+ 2.35+
Experiment:
[25] LEED+NICISS 9.7‒
± 3.5
[24] ALICISS 25 a‒ ± 7 15‒ ± 5
a
[16] LEED 8.5‒ 4.0+
aThe LEISS results showed an Al-Ni ratio of 76% Al and 24% Ni for the top monolayer and 100% Ni for the 
top second monolayer.
4.3. NiAl(111)
        Similar to NiAl(100), we construct and calculate symmetric NiAl(111) slabs with either 
Ni or Al terminations and odd slab thicknesses  from 1 to 25 or 24. We plot the DFT curves 𝐿
of (111) surface energies for Ni- and Al-terminated Ni-rich (or Al-poor) and Ni-poor (or Al-
rich) surfaces in Fig. 4(c), which has the same vertical scale as those in Figs. 4(a) and 4(b) 
for convenience of comparison. To assess convergence, we enlarge the vertical scale in Fig. 
(c) as Fig. 4(c’), where we only show the data for Ni-terminated surface under Ni-rich 
conditions and the Al-terminated surface under Ni-poor conditions. The oscillations shown 
in Fig. 4(c’) might be also related to QSEs, but the analysis from the EGM for this case is not 
convenient because only odd  is involved in the plot.𝐿
        According to the curves in Fig. 4(c’), we take the average over odd  from 17 to 25 (15 𝐿
to 23) and obtain the DFT values of (111) surface energies for Ni (Al) termination at ∆𝜇Ni
 and . Then, we make a plot for the range  in Fig. 7, where dashed and = 0 ‒ 𝜀 ‒ 𝜀 ≤ ∆𝜇Ni ≤ 0
solid blue straight lines correspond to Ni and Al terminations, respectively. From Fig. 7, for 
(111) surface, on the Ni-rich side, Ni-terminated surface has lower surface energy, while, 
on the Ni-poor side, Al-terminated surface has lower surface energy. Corresponding to Fig. 
7, we select the surface energies at  , , and  for a list in Table 2.∆𝜇Ni = 0 ‒ 𝜀/2 ‒ 𝜀
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       In Fig. 7, for a given  within  ( ), the Al-∆𝜇Ni 𝜀 < ∆𝜇Ni <‒ 0.2660𝜀 ‒ 0.2660𝜀 < ∆𝜇Ni < 0
terminated (Ni-terminated) (111) surface energy is lower than that for the Ni-terminated 
(Al-terminated) (111) surface, and therefore the Al-terminated (Ni-terminated) (111) 
surface is thermodynamically more stable than the Ni-terminated (Al-terminated) (100) 
surface. In LEED experiments from Noonan and Davis [16,26,27], as well as LEED + ISS 
experiments from Overbury et al. [28], roughly equal amounts of Ni and Al terminated 
domains on (111) surface of strongly ordered NiAl alloy are found, while, in LEED + NICISS 
+ STM experiments from Niehus et al. [29], the clean NiAl(111) surface is shown to be Ni-
terminated with Al in the second layer. These results seemingly indicate that the Ni or Al 
termination depends on experimental conditions and are therefore consistent with the 
analysis from Fig. 7. Around , two terminations have close surface ∆𝜇Ni =‒ 0.2660𝜀
energies, and then Ni and Al terminations have close stability, which should correspond to 
the above experimental results (both Ni and Al terminations are observed) from Noonan 
and Davis as well as Overbury et al. For a given  near the Ni-rich side in Fig. 7, Ni ∆𝜇Ni
termination has significantly lower surface energy than Al termination, and then is 
significantly more stable. This situation should correspond to the above Niehus et al.’s 
experimental result, where only Ni termination is observed.
        In addition, we also note that the slopes of two blue lines are smaller than those of two 
red lines, respectively, and two  values (  for red lines and  for blue ∆𝜇Ni ‒ 0.2586𝜀 ‒ 0.2660𝜀
lines) at the dashed-solid intersection points are very close. This leads to a smaller surface-
energy difference between Ni and Al terminations for (111) surface than that for (100) 
surface, given a  value not very close to two intersection points. Such surface-energy ∆𝜇Ni
differences may result in different terminations for (111) from (100) under the same 
experimental condition (corresponding to a given  value), e.g., Ni and Al terminations ∆𝜇Ni
coexist for (111) due to a smaller surface-energy difference, but do not for (100) due to a 
larger surface-energy difference.
        As was done for (100), we obtain the cleavage energy  of 3.973 J/m2 along (111) 𝛽
plane by summing the (111) surface energies of Ni- and Al-terminated surfaces for any 
given  value listed in Table 2. We also test Eq. (2) or Eq. (6) using the slabs with the ∆𝜇Ni
thicknesses  from 10 to 24 and obtain the  values between 3.629 and 4.070 J/m2. The 𝐿 𝛽
small variations in these values relative to 3.973 J/m2 are due to the insufficiently large 
slab thicknesses , and the discrepancies in  from Eqs. (2), (3), and (6) gradually tend to 𝐿 𝛽
zero with increasing . In Table 2, we also list the  values from previous theoretical 𝐿 𝛽
calculations [104,106,108,109] for a comparison. Again, as emphasized in above Sections, 
half of the  value is always considered as the “surface energy” of (111) surface in all these 𝛽
references, while only the knowledge of cleavage energy is not enough for the stability 
analysis of different (111) surface terminations.
        For interlayer relaxations of NiAl(111) slabs, we first plot  as a function of  in 𝛿𝑖,𝑖 + 1 𝐿
Figs. 6(e) and 6(f) from our DFT calculations taking  to 25 (24), where both odd and 𝐿 = 1
even  are included, for Ni (Al) termination. Then, by considering the convergence in Figs. 𝐿
6(e) and 6(f), we take the average over  to 25 (20 to 24) as our DFT values of  and 𝐿 = 21 𝛿12
 for both Ni and Al terminations to be compared with the available experimental data 𝛿23
20
[16,23,26-28], as listed in Table 5. Our DFT result of  for Ni termination is in 𝛿12 =‒ 39.43%
good agreement with LEED [16,26,27], LEIS [28], and NICISS [23] experimental data, , ‒ 50
, and , respectively, as well as a previous LDA result of  [34]. Our DFT ‒ 38 ‒ 40% ‒ 33%
result of  for Al termination is also within the range of two available 𝛿12 =+ 0.37%
experimental data:  [16,26,27] and  [28], but significantly different from the ‒ 5% + 9%
LDA value of  [34]. For , our DFT results,  for Ni termination and ‒ 16% 𝛿23 ‒ 0.37%
 for Al termination, are not consistent with the only experimental data  ‒ 17.07% + 15%
and  [16,26,27], but become better when compared with the LDA values, 0 and + 5%
 [34], respectively.‒ 12%
Table 5
Interlayer-relaxation percentages  and  (%) of NiAl(111) interlayer spacings, 𝛿12 𝛿23
extracted from our DFT calculations and compared with previous theoretical and 
experimental results. The PBE bulk value of  nm is used to 𝑑(111) = 3𝑎/6 = 0.0835
calculate our  values.𝛿𝑖𝑗
Reference Method 𝛿12(111)Ni
𝛿12
(111)Al
𝛿23
(111)Ni
𝛿23
(111)Al
Theory:
This work PBE GGA 39.43‒ 0.37+ 0.37‒ 17.07‒
[34] LDA 33‒ 16‒ 0 12‒
Experiment:
[23] NICISS 40‒
[28] LEIS 38‒ 9+
[16,26,27] LEED 0‒ 5 ‒ 5 15+ 5+
5. Equilibrium NiAl crystal shapes
        Within a continuum picture, the equilibrium shape of a crystal (or nanocrystal) is 
determined in terms of the surface energies of various facets by Wulff construction 
[129,130]. The corresponding equilibrium shapes satisfy
ℎ𝑖
𝛾𝑖
= constant,                                                                         (13)
where  denotes the separation between the facet  and the center of the crystal, and  ℎ𝑖 𝑖 𝛾𝑖
denotes the surface energy of the facet . This construction corresponds to minimization of 𝑖
the total surface energy . In addition to specifying the arrangement of (110), Φ = ∑𝐴𝑖𝛾𝑖
(100), and (111) facets on the nanocluster surface, we must also specify whether the facet 
is Ni- or Al-terminated in the latter two cases. The selected termination naturally has the 
lower surface energy, e.g., (100) facet is Al-terminated if . Another generic 𝛾(100)Al < 𝛾(100)Ni
feature of Wulff constructions is that all possible facet orientations do not necessarily 
appear in the equilibrium shape, i.e., if the surface energy of a specific facet is “too high” 
then it may be absent in the equilibrium shape. 
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In this work, we only consider three low-index surfaces of NiAl and use the results for 
various surface energies summarized in Fig. 7 to construct the equilibrium crystal shapes, 
where we assume that the inclusion of more higher-index surfaces (generally with higher 
surface energies) does not significantly modify the basic shape of Wulff construction. Under 
this assumption, Table 6 indicates which facets are exposed (i.e., are present) in different 
ranges of . Some basic features can be readily anticipated, e.g., (110) facets are exposed Δ𝜇Ni
for  as  is lower than or comparable to  and  throughout ‒ 1 ≤ Δ𝜇Ni/𝜀 ≤ 0 𝛾(110) 𝛾(100) 𝛾(111)
this entire range.
Table 6
The exposed facet orientations and terminations of equilibrium crystal shapes of NiAl at 
different  ranges. (100)Ni (Al) denotes Ni (Al) termination of (100) surface, and (111)Ni Δ𝜇Ni
(Al) denotes Ni (Al) termination of (111) surface.
‒ 0.187 ≤ Δ𝜇𝑁𝑖/𝜀 ≤ 0 (110) (100)Ni (111)Ni
‒ 0.203 ≤ Δ𝜇𝑁𝑖/𝜀 ≤‒ 0.187 (110) (100)Ni
‒ 0.315 ≤ Δ𝜇𝑁𝑖/𝜀 ≤‒ 0.203 (110)
‒ 0.341 ≤ Δ𝜇𝑁𝑖/𝜀 ≤‒ 0.315 (110) (100)Al
‒ 1 ≤ Δ𝜇𝑁𝑖/𝜀 ≤‒ 0.341 (110) (100)Al (111)Al
        To more explicitly illustrate the behavior regarding exposed facets summarized in 
Table 6, we in Fig. 8 provide examples of the NiAl crystal shapes for various  values Δ𝜇Ni
spanning the range . Finally, for a more complete characterization of ‒ 1 ≤ Δ𝜇𝑁𝑖/𝜀 ≤ 0
behavior, Fig. 9 shows the total facet energy ( ) of an equilibrium NiAl crystal and the Φeq
corresponding energy contributions, , , and , from three types of facet Φ(110) Φ(100) Φ(111)
orientations versus . As can be anticipated from the results in Fig. 7, a lower value of Δ𝜇Ni/𝜀
 corresponds to a higher exposure of the facet  and thus a larger contribution to the total 𝛾𝑖 𝑖
facet energy .Φeq
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Fig. 8. Equilibrium shapes for NiAl crystals from the Wulff construction for various given Δ
. (a) , (b) , (c) , (d) , and (e) 𝜇Ni Δ𝜇Ni/𝜀 = 0 Δ𝜇Ni/𝜀 =‒ 0.25 Δ𝜇Ni/𝜀 =‒ 0.34 Δ𝜇Ni/𝜀 =‒ 0.75 Δ𝜇Ni
. Colors differentiate orientations and surface terminations of crystal facets. The /𝜀 =‒ 1
left, middle, and right columns show the top view orientations along the , , and 〈100〉 〈111〉
 directions, respectively, as indicated.〈110〉
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Fig. 9. Total facet energy ( ) of an equilibrium NiAl crystal with a constant volume V and Φeq
the corresponding energy contributions, , , and , from three types of facet Φ(110) Φ(100) Φ(111)
orientations versus . The dash-dotted lines define 5 regions of , where the Δ𝜇Ni Δ𝜇Ni
orientations and surface terminations of exposed facets are indicated (also see Table 6).
6. Conclusions
        Using first-principles DFT with the PBE GGA functional, we have determined surface 
energies and cleavage energies of NiAl slabs with three low-index surfaces: (110), (100) 
and (111). By utilizing a chemical-potential-based formulation, we clarify the relationships 
between surface energies and cleavage energies for stoichiometric and non-stoichiometric 
slab models. After constructing a surface-energy phase diagram from our DFT analysis, 
previous experimental observations regarding Ni- versus Al-terminations of (100) and 
(111) surfaces are effectively interpreted. We also determine the interlayer relaxations for 
(110), (100) and (111) slabs, and compare our results with previous experimental data and 
theoretical results. In literature, theoretical data for (100) interlayer relaxations are 
lacking, while, for (111), the only data are from an LDA calculation, which cannot describe 
the surface properties well. We also characterize the variation of surface energies and 
interlayer relaxations with increasing slab thickness from 1 ML up to more than 20 ML. 
These results reveal the presence of QSEs and illustrate the rate of convergence to behavior 
for macroscopic slabs.  Finally, utilizing the Wulff construction, we predict the chemical-
potential-dependent equilibrium shapes of alloy NiAl crystals. The methodology applied for 
the binary alloy NiAl crystal in this work can be utilized for a large number of similar 
surface systems.
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